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(54) MONITORING AND CONTROL METHOD FOR LASER IMPACT PEENING USING 
SUCCESSIVE PLASMA LIGHT SPECIAL ANALYSIS 

(57)Abstract: 

PROBLEM TO BE SOLVED: To provide a method for 
quality control and inspection capable of inexpensively, 
precisely and quickly inspecting a product under 
manufacturing by nondestructive evaluation of laser 
impact peening work without depending on a method 
using a test piece after working. 

SOLUTION: A laser beam 102 is emitted to the coating 
surface 155 of a workpiece 108, and the optical 
spectrum of generated plasma 8 is subjected to high- 
speed line scan spectrometry by use of a streak camera 
6. This is transmitted to an analyzing computer 17 to 
analyze the form of the energy spectrum, and the result 
is compared with a prescribed light spectrum forming the 
criterion related to high cycle fatigue characteristic for 
the quantity of the workpiece, whereby the quality inspection is performed. 
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Cto 

[8?&¥j&] ma^m i o 8 (D^mmm 1 5 5 k v-*? 

h ;U^r X h U - * * ^ -5 6 tc J; 3 ,f5^-5 -Y -v 
5 £ o v > T O iS tJ- * t & 
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( a ) iQX^lcttBfi L fc:£K*i5ifC U— *f-«SS 

oT, U— if-ffi^tf— xvy7a-trXT^te>ft3}£ 
V *£EllflSHHS2j % 6 o fcffitt* 7° 9 XT #±|E«ffl~Fte 

( c ) _kfE?iiS!<DX^ hMcfctt^x*^— 

tf--> ^it u— «f-«w t;- - > yip 
£ fcctin kh&t $> § . it srs i mm<o?i &„ 

ico^T t£- *a*«ttS***S c 4 tc <fc o TS 6 
n> ^etiW^SfcOX-^^ h/Wc*5tf£x^/l^— ffl 3 o 
*t#*P* Jt«rT 5 SBW, ±!E tf- * &£»g#*iJ«D J* 

« 4 ? % ft vxD^mm t km? zmmttsts, mmm 

- * £ jtinXfe^f&Xfi^lsrte i: ? 5 fc * ;b 40 

n tc t? fc t> «u l fc tr- * gftefisaK-r- * 4 *pxi% 

[iii'jARil'i 8 ] iiu,i3iM»>i-<o*« h\ |. !l— XfciSHW© U 
— tr-iess tf--> u— if-w* t 0 -- > X;!jp 



1 1 lEUc^So 

7X7S:Mt5SPgT'6t)T, &<<?©/ WXlco^T 

( b ) 77XV<o»^IBrtO«fcOWfjiST±IEWR 

s*»o«3tx^^ h/i/Stn^nste-rsgWx Rtf 

(c) ^X^Xvco^ligccOX^^ h;HcfettSx*;l/ 

im$c®i 2] Hij({B^OX-<7 h;K:*tf5i*/l- 

&4 to^t tf — ^i^ffijS-J2*#46?> C i: J: o T?f b 
tf- ^ ^S&fi-r'- # iPX^^r-a-t&Xli:^^! 

« 4 -r ^ fe* t km? % w*a 

1 OEtliKO/Jffio 

«W»7 f - ^ 4 <0t I H Hffi T- fe % » fB«g(073 

CWsRSl 4] BijE^SS¥A s \ MfSXvXTOHfiiE 
RF«!«f M K t> It <9 mW L fc If- f afiiKSKK-r- * t 

-^i:0*HB8B8«-e**, iill^l 2 ,id-.|i^J)7Jr£, 
[ffl^S'il 5] MiEittl»M-©#'*fl t , PJ-XtifHW© 

[M^l 6] *TX^— If Z/X.Z/i?><D£.t&m$Z<Dl' 

— v-mm \£--> xxd -t x«p a n K^ii^s73 a T-fe 

(a) ffiMM©#*Ef*MLfcft*»ffilCU--9*- 
ffi^tf-x^^WJ^e. 1 1X±©U— tf-tr-A/^l/X 
*BM# U a5*SF«^p|ffl* toft: X5 X-?*Brft? 5© 
B7$t)T, U—*f-ffim tf— - > y 7°n S 
ft 5 ?£V ^E»aeiS* * & -a fc««*75 Xv Tb^fE^ 
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c b ) 77 x^<onmm m n ©*r©h* 7 ^ xv 
13 , tBHHH*#. m^.mmmtmnmcmu-mmsimx 

— If— «* tf- n y ^Jnx L rcl^fAIST-cDig^ * ;i 

* b rt> fc *3 § Sffiix * B*tfj"*rJ i: iuKKfltibH 
oMEJSflWf-if <:offigfflftV»«. »*JSi 6fE 

k-r *fc»o^?5a«P t Jt«-r *aie**tr» p* 

ill 6fStg<075-S„ 

jflMtrftl 9 iHi|i!c©73 ?So so 
ffi-^1 9 ,!BiliicC073 i£„ 

Mm 1 9 fa$c©75 So 

SUftttat^ lill-XtiSiftl© U-+f-fffif5 tm. 

■»f-«» n°-x > y«a«t: , fi6ffl*^»««**-r s , 
[1**24] m§mm*w-i£>zmt>\ ummmom 

[00 0 1] so 



sckc±5TU-f-«*i;--i'^ (lsp) 7°a 

[0 0 0 2] 

iH5!U Altering Material PropertiesJ kgl^S^S 
WfFMS 3 8 50 6 98-^ ["Laser Shock Process ingj 
fc»f ^fflftfr^ 4 0 1 4 7 7-^Rtf TMaterial P 
ropertiesj S^H^WB 5 1 3 1 9 5 7^tC|f1 

W/^UX^rffll/^o U— 9 1 -'ifi^b°-->yi;ti, 
e— Ajg^^^^XU— tf— e-A;&^JfflLT\ «rS 

[0 0 0 3] U-<f-¥-->7te.bQXVB<D9imnlcE. 

^^•5i{SBS(ix TLaser Peening System and Metho 

dj tm?mmgft&w,4 937421 ^cnu^nr 

cDX^nS7j«D*— fX ^ScV^i^CjAto^X'T^ 

to 

[0004] u— tf-»Pt?--:v^fci\ 137**— M> 

©*"3fr«V^nt*Wm«At»iSSn/!: Ton The F 
ly Laser Shock Peen ingj kg|"f S^H^frfff 5 7 5 6 
9 6 5 TLaser shock peened gas turbine engine 

fan blade edgcsj kifiT 5*WWfF^ 5 5 9 1 0 0 9 
TTechnique to prevent or divert cracksj tlM 
■T2>*a#fF^5 5 6 9 0 1 8§, TDistortion contr 
o 1 for laser shock peened gas turb ine eng ine compr 
cssor blade edgcsj t M~t § JKWW ifrSE 5 5 3 1 5 7 
0-^x Tlaser shock peened rotor components for tu 
rbomach ineryj tmt ■S^HWI^ 5 4 9 2 4 4 7^, 
fAdhesive tape covered laser shock peen ingj £§1 
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■TS3KaWflFa 5 6 7 4 3 2 9^, Rtf TDry tape cov 
ered laser shock peen ingj STKffl^fF^ 5 6 7 

4 3 2 8#k:BB^*nTV^So cn6<DflBSS/£t3"^*< 
ffiOffl^T fe , U— *f — ««8 If— — > ^* ffj ^fc^ffiX 

[0 0 0 5] tf-«Hlf-->^yn-feXOgSf8 
TLaser shock peened gas turbine engine fan bl 
ade edgesj tm?&&mlftVt3Z 5 5 9 1 0 0 9^Rtf 

TDistortion control for laser shock peened gas tu 
rbine engine compressor bladeedgesj t.M^^>^M^ 10 
fl=S5 5 3 1 5 7 O^fcM^nT^S J:?^ 77^ 

mEEM^IWJH^tc L S PiPX-T5fe«>KfT*>nT*feo tt" 

43t)s *BW§fr»2 6 2 0 8 3 8 S#*#fiB*nfel/^ b 
frU >X h U y 714— IMieOU— 9*— All 

©SS*<ORSS#^.S*3fc»Hfh«nTl/^*l/\ LS 
P7°n-t?XT^ l;^7x^M- • jg/Vl/XBU— 

gBofi£ttw^7y*©fei6, inx^cogpffitclip^e) 

[0 0 0 6] 

-1fHM*f-->^flK«ttffi®— ott. 8u»*LS 
PiPXLfe»«3SfjfcL S PiPX«te/y^*tttt;fe» 

noiS*>r^^fise (hcf) ttST^^c comm* 

*^*/£»T?*< , L S PijPXg[Sp a pO^^(ip n pa«!IE 

^d^x^m^®^^ hc F«aE«»fp»aaa 

P^P-feX©*»«»a (NDE) T**oTUfe$ffi 
[0 0 0 7] 

tf — r. > ^ x ffl ^ £ ft* --|e]<D *f — SH*f<D 

l<«, »h-^x («) a^mifisnTv^xb 

U - * * * 5 9<0Jt*««*ffli/^fc«ft*tfi(0lBIBI«* so 



[0 0 0 8] jlPXttO^KfflU-lf-tflllf---^^ 
^ya^XOH^H^Lfcffl^Ol^-1f-«*lf-r:v 

l — h^— fflj^g - > ?yu^7,mmmmm%ft ~> «, 
[0009] iBHswex^ Y)^mt^(o^mhm. 

£ffitoixto £ 13— XttSKffilofcHjMiPXWe* o T 

h— xtt»tcr* u— *f-«»tr-->^T*u— *f-« 

« tf- - > ^fjpX L fctUJttPX*©**M * ;l/ffi»tStt 

iMitnt ts»ttpx»<o«^«, m— xttswtuou 
— +f— wsgif— ^1 >^Ti^--^--fe^ti o --->^spxL 

[0010] &^>m^mmmmr^ ^muT^im 

1*l4U-if— «*lf— ->^*PXBE^y y^*(*tffc« 

tt, *»t»iPXttOv;l/^/l/X U-1f-«»lf- - 
>^Apxj;io^0toSb-if-^;l/Xtcoi^TtTt)n 

[001 1] *»mo-iiM^n(c«(t«ffinn«u:. 

Ttt, ^JfeWKlL S Paniffi^&fP!? (tiffS* ©L S P 

(HfT»w 6 ft * t m3mtit<m*:mm t*m®-3 

[0 0 12] ¥Uj& 
it s >7°D-bXiSSgil( in-process quality contro 
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3&f£tu<?\ If— AO^Rt5x^;l/^— o 
;^-*9J£t50tttft < . U-if-x*/l/^-<DiiJ 

[0 0 14] 

[0015] inc^u-f-ii^ 
>^JjpX?ai 2*fin4l7r>BKi 0 8 (^^^ 

tti*B9 7 Rtf s 8 icak Ltfe§) i»tffl^*ns^ipx 
Ki t c ffl v ^6 ti 3 U - if - 85 V tf - x y if 7° p -fe x o , ft a 

#0, itfrXtiffik, ^«X«^F-&«, *BXttffi«5JM> 

#F!& 5 4 9 2 4 4 7 ^ isJSS 5 6 7 4 3 2 9 HOffi 5 
6 7 4 3 2 8#RtflRjgS5 5 9 1 0 0 9^C|JB*SnT 
i^S J;3^iSi^7 7 >;tfx#-lf >x>>>>7 
r >i!jP^offico#««^o^p D p^ J; 5 ft£ffl!iPX«i 
T<D 9 s -«S? tf^- > ^7°p -tr X(D^mm.^ wt 
So #£L<tt»*oiPX*<DU-if 
-«*e-->^tpx^xi±iinx»t. rtw*. -w© 

[oo i 6] Bite, u— if— «wif— — v^ijpxffi i 

5 4<Dls—*f-ffimV-->lfffiW C«E£&1^3) 12 
rttefig|*f If— A 1 O2T*S0x U-ifMffi 
•Wlf-->yiiPX|fH 1 5 4 ti, *IHW}ffSK5 6 7 4 3 2 
9*§Rtf|p)3§5 6 7 4 3 2 8#lcM^SftTV* «fc 3 * 

i 6 i i?i«ift, i 5 5*MLTt^a mm 



8 

<«*©*ffi»aW3S:i*Uii«>«« (*1 2 lo^snco 

l/-r^7n-f^^l 6 UiS-^o?SMT?7^U- 
^3>IT7°7XV8^MU tN^Ttt, U-if-« 
SI If-- >^7ni:X«$l:ffiffl Lff^iftS^Ofto 

LT, fOi©77U-f^7Wi:ffl^T 

10 8^5 6 7 4 3 2 9*RtfMS5 6 7 4 3 2 8#KHI^ 
£ tit v ^ J: 5 &&JSJSX tt 7°^ X ^ >y * J$«-r - 7°tf 

[0017] ffifffttiu 'fiftTk^—rv i 2 i ^a^Tffi 

H*ffil 5 SfclftfroTEIEU if — tf — ^ >- 

lp s*pxo»ss*i:*fflit*JB<ojai:'&Ma r u:t#& 

n*»«^JS*0»3ftl«tt^ttS*o 77'b-r 

20 X^8*%£*^&fc*fcffl^&*i*o — otoflJ^KiJE 

BJS* 0E*6*tfiPt>ofc«l«l 5 6 TO) WbT 
«5 0-1 5 0 kps i (*P#>"K/¥*^>^-) T 
£>D> if— «*tf-->^ffil 5 4fr£7°UXhb 
X Mg« 1 5 6 rtStCSW 2 0 — 70 ^;bo^iaioS^ £ 

[0018] SI ICS, if-«*tf-— >^llPX«f 

ou-if-if-A i o 2<D—m<DmtT?¥&&r&7 j 7X 

30 Jgfl|0«BSHt^LTa&*o ->XfAl0»T#?) 

»S**ffli/^T. U-if-|g^b°-^y^7°n-trXOp a pM 
^!O^^Op a pM«IiEffi^^)5tS"rSo 7hU->A^5 

T. U-if— e-Al 0 2 0PE»fcJ:4:/9Xv8 0** 

j|^fflrtom^«MPTo«^4^T^9Xv8(Di» 

[0019] 'J-^^^76(iX^ h^JtiSfflT* 

(u-if-/Vi/Xfi:"6±tf DBSlffl5-*-y»T« i 

»«*8tx*;l/^-X^* Y!\'<Dfcmm't%>o x^ 
/Ttc 7°^XvcD^rs^x^ h;Wf<^, 
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5o H#tti*#tc:oi/^Ttt, SMcOX^ Wl/x*/l/ 
S5*f*o«^fcEI«lc:x^^ h;l/0*x*;i/*-HI OH 

& ffl t ^ T . y° 5 (D£«MSWS ffl tc ft £ WSftH*iafi 
T\ »J5ELfc*X^£ WW*-**. »£L<&APX*& 

[0 0 2 0] ^<DfR1£(DW$H$, jffSL<«, I19tc^ 

mm i o 9T«^«n*t«ipx*o*^>r^;i/*»-r 
-^^^^ hMmT-zt(ommmmcM~3<o 20 

[0 0 2 1] B 7 RtfH 8 417 7 71 

Ml 0 8(t il^^h^Al 3 6 3b^6l6K5fe*i 

3 8 £ ^^£ieott«fcffi«E-r*WK» 134^ 1£7° 

1 3 6ft^S*S?JlRlrt«U:ffiffi'r*ffi76ai5 

1 4 o«r&A,-e^s 0 876*1 4 mm^^>^ 1 

4 3 6fcOft#S«g»l 421: 
tt5o Ml 3 4te. MoW»LEi:«»TEkOHT 
S£7?i&fc:i£tfao 3 4 0KSCH«, B8l:S 

T cfc 5 a»JBO*Wffl1?OMII L E fctMiT E OlBOtt 

Tfe£ 0 SHKiw 1 3 4 <DiEj±m 1 4 6 tt^Hive^-rw 30 

BSleISfi^fq]i:S3*flJ^aLT43 5, ftffiffi 1 4 8S»g 
SSOS*HB!l^« D x «B*iti*M L tt«LTJGE&[q]fc: 

[0 0 2 2] £;#7 7>Ml 0 8tt. SttflgaPl 3 4 CO 
iuSL ElC^oTftHT^y h*-A 1 3 6*^1611^ 
7 7°1 3 8ST*5ttft-rSij»gPl 5 0*S«o fuSigG 

i 5 ottBfSoa i <gw*r*fu ^yisymh^icMB 

i«tf§SMo WBffil 3 4 13;, x^^^Sb^tC^ 
#fc*:*a5l3ftiS*»tef*«ti*o Wfcffi 3 4tex> 
it - Y * fr&'X'fct) £: LT ft JTJ b T * OH Iff *C S 

6fc***fti*5i*fici , r„ 

[0 0 2 3] ^*J*^H^«fr6««Llt*rr*fel!Wt 

«»t?-->dfjpx« i 2 a, w^«iam3£o««i« i so 
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^e- F«LM©iE^fc&t)»*H(MiL Et0g|5^lCjGoT 

SH-snSo *f-«stf-x>ifipx^i 2rtT\ 

IEJEM 1 4 6 £: JIEEffi 1 4 8 c0'>& < t>— S?£ L 

^l^tf^2coi^-^-«^b 0 -x>^ijpx®jMffil 5 
4aMl5 4b*Mni:^fe^ 08W5n5 

iiO. -tf-«Stf-x>^ (lsp) -ew#*hfc 
jkj^w i 3 4 \Hmcm%y°is* h UX hKi!^ 1 5 6 

HffiiS 15 6a &tf 156b (iffittflS 1 5 0 <D— »fc L 
[0 0 2 4] *^cOp a pSffiffiffi^^»jP 1 0 8COU 

— !f-«wtr-x>^iipxwtefTton, Sf*b<tt, u 
Sff^cfi^o y]ijffi^LT. QAig^, u-if-«»tr 

liS 1 0 8OL^-+f-ffij^li 0 -x>^ijpXc0tf|^^/X 
<«, )t^*h;l/Ol|i«FW3eat, »:77>Wl 0 

8 ffl K m i ^fc co ^ m i: u-if-«^ e - x > yimxsB 

—r-tr-A i o 2cofl§w#^fg**r^&7 p vXv8T 
fT-9o cntc^oT, ^^-r>co^#^^ inx^co 
^XS^fc^AS»W*«^IBte±«>a»6. 

[0 0 2 5] U-1f-«*tr-x>^D-lrX(0*att 

fcibs if- w e -x > ^ffl coMM -1f-«* t° 

x>^pxffil 5 4it »IL<^0lfti:PD^^7 o 
C0^ft±tc$)*9, CeO*SSJB«T»tt, 1*^1*^10 9 

TfeSo suffifcLT, [Hi nc^-rait), saiipxwi: 

< tt , ffl M M^«r § /c 46 co Is— *f -mm bf - x > y 
U— tf-«*t?-x>y k -era Ccfc -5 ^ UTfj 

[0 0 2 6] U— if— xy^V^Xvco^X 

X-^^7 h/bcoF^ffl^^^Xv 8 cO^Btfl/'J^tCfillBilL^ 

tot a«ELftlll(*ai#(*«»*i:bTiin*t><Di: 
tcifHtT^LTfc^o 2-Qcom^*ecOx^;U^ 
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-©ffi*f#flJtt, ^5X7rtofiS, EttfttfflSBfcJ: 
igfi*#*&£/c«>, fcSBSIWfcifrfcoTlifcX^Xv© 

[0027] »sl<b, mmm&2 4&, H3jc^-r 

KBiJtfc^ fc *J Pit" £ » x ^ * h ;wt ¥S m \c v 

— £1 7»T3>t°a- £77l/=ryXAfc:«fc 
D7^WJ>^Ut>J:l\ ^OiEfeKft*}^ (± 
MO) X*^ h;l/O^Sft3P^<D^X*y^X»»Jaift 

a * co w m% as? » «c aa * * a c i; t -e # * o 

[0 0 2 8] ^-^SS^O^^^SlfbM^a:^;l,^ 

mhbb? (»*) rtojifiattSBufiaije-rnur, b o -^ 

[0 0 2 9] 77X78 CD#S8Wj|fflrt©»!in P 

TrtO 1 #B**5 1 1 #BCDB#^T 1 — T 1 1 TO7 P 7 

&co^T, 1 Sg~H 1 1 SBOfgftX^ h;bcD^n 
?tl(D\£-2%6ig.&P I 1-P I 1 ltf#fttSo 

[0 0 3 0] 0513;, 77X^^]ift«X^^h;^l£ 
- * ttUCft* Lime 77 X^JBlft T Rtf7°7 XvEEtf 
Pft\ X7Xv8<D^#J|tgp TOftHrtfcJISfiFWtif 

-^^76 L fcftJtX'* * h & * til S tl 
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x-^ h;i/3&^e»sfio«^ffi*<D««:wea-r(oi4!itL 

^\ *f*X«llf*«OBB»JcX^* WW*-**?-* 

icffll/^CKiit L^KHST&Sjb^ Efr^IBt&SJje 

[0 0 3 1 ] »* Ll/^*BHB8axttft*att. H 5 fc^f 
10 7 P 7XT8^»rt©H^P TtCfett^X"^ 
b/l/h°-^jgfcRL, 77Xv?gSTX«77XvE 
A PO 300^7^-^BRXtti»OV^fnfrlco^ 

77XV 8 oj$«Effl»rt^WPa p t \zfr>fc-D rsnrra 

[0 0 3 2] g|6tc^Lfc<Ott»3SX^^ h^tf— 
$K«s ift'F'f^MBSJ (HCF) KIHT»6na* 

1fHfi¥tr— — *£>BI, U— tP— tf— A102 
(0!l*.fcf 5-2 OOM^jS) t'77X78<D^^ h 

-^5ftK«***8A i*tmcr«o cwbi 2^^-r 
«ncx^^h;i/tr-^asiaEtt*ttiB*»T. «»b<d« 

h;l,tf-*B««*ft||xtt^5K**fli^T 
a« B © ttttfr 6 » # W L fc if&n AS til IMI Wff 

40 [0 0 3 3] KiMtxaftUMbx 1 0 9^ »^u< 

«x »4S7 7>l)Il 0 8 ^IWIU^ffiTSaiSU 
iS^iftH 1 0 9^l/-^-«|ib 0 -->^pXLT/^y 

i«x^^ h;l/tr-^»*»*fl«W*fifc*, ^cv> 
tt^ Xh»J — **^5ft^6<DIRX^^ h;l>-r— #*rBBS 

i ^e- K«»»t»ia»s*So ttiiHByff*w5ft*tc:-ra 
fc«4, ^ttoftUKnm 0 9Xtt-ffl/£ttotaH&«i 

so l\ / y^l 5 2tt, tt«l*^«>5«eDf«*WatOT 
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LElcM§ybXH/XhaSi*l 5 6 aMl 5 

6 boBfr^fflBtea8»&na 0 »sl<«, y^i 5 

2 £33 1 ^- Ktt L M(0<t 5 ftflfr^- K«tc**** 
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L Title of Invention 

METHOD FOR MONITORING AND CONTROLLING LASER SHOCK 
PEENING USING TEMPORAL PLASMA LIGHT SPECTRUM ANALYSIS 

2, Claims 

1 . A method for quality control testing of a laser shock peening 
process of production workpieces, said method comprising the following 
steps: 

(a) firing at least one laser beam pulse from a laser shock peening 
apparatus on a metallic surface associated with the workpiece and forming a 
plasma having a duration in which the plasma causes a region to form 
beneath the surface, the region having deep compressive residual stresses 
imparted by the laser shock peening process, 

(b) measuring a plurality of optical emissions spectrums radiated by 
the plasma at a corresponding plurality of times during a period of time during 
the duration of the plasma, and 

(c) comparing relative distributions of energy within the spectrums 
to pass or fail criteria for accepting or rejecting the workpieces. 

2. A method as claimed in claim 1 wherein the metallic surface is 
on the production workpiece and correlation is based on high cycle fatigue 
tests of test pieces that are essentially the same as the production piece and 
that were laser shock peened in the same or similar laser shock peening 
apparatus. 

3. A method as claimed in claim 1 wherein the pass or fail criteria 
is a correlation of similar relative distributions of energy within the optical 
emissions spectrums versus high fatigue failure data. 

4. A method as claimed in claim 1 wherein: 

the relative distributions of energy within the spectrums is a black body 
radiation peak intensity wavelength distribution with respect to time during the 
period of time, 

the peak intensity wavelength distribution is obtained by determining a 
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peak intensity wavelength for each of the optical emissions spectrums, and 
said comparing relative distributions of energy within the spectrums 
comprises comparing black body radiation peak intensity wavelength data 
from the peak intensity wavelength distribution to the pass or fail criteria for 
accepting or rejecting the workpieces. 

5. A method as claimed in claim 4 wherein the pass or fail criteria 
is a correlation of peak intensity wavelength test data versus high cycle 
fatigue failure test data for accepting or rejecting the workpieces. 

6. A method as claimed In claim 4 wherein the pass or fail criteria 
is a correlation of peak intensity wavelength test data versus low cyde fatigue 
failure test data for accepting or rejecting the workpieces. 

7. A method as claimed in claim 4 wherein the pass or fail criteria 
is a correlation of peak intensity wavelength test data integrated over the 
period of time during the duration of the plasma versus high cycle fatigue 
failure test data for accepting or rejecting the workpieces. 

8. A method as claimed in claim 7 wherein the test pieces each 
have a failure precipitating flaw within a laser shock peened area of each of 
the test pieces that was laser shock peened in the same or similar laser shock 
peening apparatus, 

9. A method as claimed in claim 1 wherein the metallic surface is 
on a metallic coupon made of a material that is the same as or is similar to 
that of the production workpieces. 

10. A method for quality control testing of a laser shock peening 
process of production workpieces, said method comprising the following 
steps: 

(a) laser shock peening a surface of the production workpiece by 
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firing a plurality of laser beam pulses from a laser shock peening apparatus 
on a surface of the production workpiece and forming a plurality of plasmas, 
each one of said plasmas for each of said pulses having a duration in which 
the plasma causes a region to form beneath the surface, the region having 
deep compressive residual stresses imparted by the laser shock peening 
process, 

(b) measuring a plurality of optical emissions spectrums radiated by 
each plasma of at least a portion of said plasmas at a corresponding plurality 
of times during a period of time during the duration of the plasma, and 

(c) comparing relative distributions of energy within the spectrums 
for each of said plasma to pass or fail criteria for accepting or rejecting the 
workpieces. 

11. A method as claimed in claim 1 0 wherein the pass or fail criteria 
is a correlation of similar relative distributions of energy within the optical 
emissions spectrums versus high fatigue failure data. 

1 2. A method as claimed in claim 10 wherein: 

the relative distributions of energy within the spectrums is a black body 
radiation peak intensity wavelength distribution with respect to time during the 
period of time, 

the peak intensity wavelength distribution is obtained by determining a 
peak intensity wavelength for each of the optical emissions spectrums, and 

said comparing relative distributions of energy within the spectrums 
comprises comparing black body radiation peak intensity wavelength data 
from the peak intensity wavelength distributions to the pass or fail criteria for 
accepting or rejecting the workpieces. 

13. A method as claimed in claim 12 wherein the pass or fail criteria 
is a correlation of peak intensity wavelength test data versus high fatigue 
failure test data for accepting or rejecting the workpieces. 
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14. A method as claimed in claim 12 wherein the pass or fail criteria 
is a correlation of peak intensity wavelength test data integrated over the 
period of time during the duration of the plasma versus high fatigue failure test 
data for accepting or rejecting the workpieces. 

15. A method as claimed in claim 14 wherein the test pieces each 
have a failure precipitating flaw within a laser shock peened area of each of 
the test pieces that was laser shock peened in the same or similar laser shock 
peening apparatus. 

16. A method for quality control testing of a laser shock peening 
process of gas turbine engine production blades, said method comprising the 
following steps: 

(a) firing at least one laser beam pulse from a laser shock peening 
apparatus on a metallic surface associated with each of the production blades 
and forming a plasma having a duration in which the plasma causes a region 
to form beneath the surface, the region having deep compressive residual 
stresses imparted by the laser shock peening process, 

(b) measuring a plurality of optical emissions spectrums radiated by 
the plasma at a corresponding plurality of times during a period of time during 
the duration of the plasma, and 

(c) comparing relative distributions of energy within the spectrums 
to pass or fail criteria for accepting or rejecting the production blades. 

17. A method as claimed in claim 16 wherein the metallic surface is 
on each of the production blades and correlation is based on high cycle 
fatigue tests of test blades that are essentially the same as the production 
blades and that were laser shock peened in the same or similar laser shock 
peening apparatus. 

18. A method as claimed in claim 16 wherein the pass or fail criteria 
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is a correlation of similar relative distributions of energy within the optical 
emissions spectrums versus high fatigue failure data of the test blades. 

1 9. A method as claimed in claim 1 6 wherein: 

the relative distributions of energy within the spectrums is a black body 
radiation peak intensity wavelength distribution with respect to time during the 
period of time, 

the peak intensity wavelength distribution is obtained by determining a 
peak intensity wavelength for each of the optical emissions spectrums, and 

said comparing relative distributions of energy within the spectrums 
comprises comparing black body radiation peak intensity wavelength data 
from the peak intensity wavelength distribution to the pass or fail criteria for 
accepting or rejecting the production blades. 

20. A method as claimed in claim 19 wherein the pass or fail criteria 
is a correlation of peak intensity wavelength test data versus high cycle 
fatigue failure test data from the test blades for accepting or rejecting the 
production blades. 

21 A method as claimed In daim 19 wherein the pass or fail criteria 
is a correlation of peak Intensity wavelength test data versus low cycle fatigue 
failure test data from the test blades for accepting or rejecting the production 
blades. 

22. A method as claimed in claim 19 wherein the pass or fail criteria 
is a correlation of peak intensity wavelength test data integrated over the 
period of time during the duration of the plasma versus high cycle fatigue 
failure test data from the test blades for accepting or rejecting the production 
blades. 

23. A method as claimed in claim 22 wherein the metallic surfaces 
of the production blades and test blades are along at least a portion of the 
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leading edges of the blades and the test blades each have a failure 
precipitating flaw within a laser shock peened area of each of the test blades 
that was laser shock peened in the same or similar laser shock peening 
apparatus. 

24. A method as claimed in claim 23 wherein the failure precipitating 
flaw is a notch in the portion of the leading edges of the test blades. 

3. Detailed Description of Invention 

BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates to process monitoring methods used for quality 
assurance of laser surface treatment of a metallic surface and, more 
particularly, a method for providing quality assurance of a laser shock peening 
(LSP) process by measuring a spectral intensity of light emitted by a laser 
generated plasma over its duration. 

Description of Related Art 

Laser shock peening or laser shock processing, as it is also referred to, 
is a process for producing a region of deep compressive residual stresses 
imparted by laser shock peening a surface area of a workpiece. Laser shock 
peening typically uses one or more radiation pulses from high power pulsed 
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lasers to produce an intense shock wave at the surface of a workpiece similar 
to methods disclosed in U.S. Patent No. 3,850,698 entitled "Altering Material 
Properties"; U.S. Patent No. 4,401,477 entitled "Laser Shock Processing"; 
and U.S. Patent No. 5,131,957 entitled "Material Properties". Laser shock 
peering, as understood in the art and as used herein, means utilizing a 
pulsed laser beam from a laser beam source to produce a strong localized 
compressive force on a portion of a surface by producing an explosive force 
at the impingement point of the laser beam by the instantaneous ablation or 
vaporization of a thin layer of that surface or of a coating (such as tape or 
paint) on that surface. 

Laser peening has been utilized to create a compressively stressed 
protective layer at the outer surface of a workpiece which is known to 

considerably increase the resistance of the workpiece to fatigue failure as 
disclosed in U.S. Patent No. 4,937,421 entitled "Laser Peening System and 
Method". These methods typically employ a curtain of water flowed over the 
workpiece or some other method to provide a confining plasma medium. This 
medium enables the plasma to rapidly achieve Shockwave pressures that 
produce the plastic deformation and associated residual stress patterns that 
constitute the LSP effect. 

Laser shock peening is being developed for many applications in the 
gas turbine engine field, some of which are disclosed in the following U.S. 
Patent Nos,: 5,756,965 entitled "On The Fly Laser Shock Peening"; 5,591 ,009 
entitled "Laser shock peened gas turbine engine fan blade edges"; 5,569,018 
entitled "Technique to prevent or divert cracks"; 5,531 ,570 entitled "Distortion 
control for laser shock peened gas turbine engine compressor blade edges"; 
5,492,447 entitled "Laser shock peened rotor components for 
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turbomachinery"; 5,674,329 entitled "Adhesive tape covered laser shock 
peening"; and 5,674,328 entitled "Dry tape covered laser shock peening", all 
of which are assigned to the present Assignee. These applications, as well as 
others, are in need of an efficient quality assurance evaluation method for 
production runs using laser shock peening. 

Laser shock peening processes have been developed to 
simultaneously LSP pressure and suction sides of leading and trailing edges 
of fan and compressor airfoils and blades as disclosed in U.S. Patent No. 
5,591,009 entitled "Laser shock peened gas turbine engine fan blade edges" 
and U.S. Patent No. 5,531,570 entitled "Distortion control for laser shock 
peened gas turbine engine compressor blade edges". Single-sided shot 
peened Almen strips are well known for use in the field of shot peening quality 
control, see U.S. Patent No. 2,620,836. However, Almen strips are not 
designed to provide a measure of the effect of a single laser beam Impact. 

The LSP process involves the use of high pulse energy, short pulse duration 
laser systems. The combination of high energy and short duration, as well as 
variations in the stability of the beam path (such as at a water/air interface), 
limit the usefulness of electronic measurement systems to verify the true 
(calibrated) energy being delivered to the component being processed. 

One laser shock peening quality assurance technique that has been 
used is high cycle fatigue (HCF) testing of blades having leading edges which 
have been LSP'd and notched in the LSP'd area before testing. This method 
is destructive of the testpiece, fairly expensive and time consuming to carry 
out, and significantly slows production and the process of qualifying LSP'd 
components. HCF testing is a random sampling technique and is a poor 
statistical quality measurement. An improved quality assurance method of 
measurement and control of the LSP process that is a non-destructive 
evaluation (NDE), inexpensive, accurate, and quick IS highly desirable. It is 
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also desirable to have an NDE quality assurance method that is relatively 
inexpensive and sufficiently economical to be used directly on the actual 
workpiece instead of indirectly on a sacrificial sampling of workpieces. LSP is 
a process that, as any production technique, involves machinery and is time 
consuming and expensive. Therefore, any techniques that can reduce the 
amount or complexity of production machinery and/or production time are 
highly desirable. 

The present invention measures instantaneous spectral intensity of 
light emitted by a laser generated plasma over the temporal duration of a 
single firing of a laser used in the laser shock peening process. The invention 
preferably measures instantaneous light intensity of the plasma through the 
analysis of an instantaneous optical spectrum associated with vaporized 
material using optical devices such as a streak camera available from 
Hamamatsu of Japan. 

SUMMARY OF THE INVENTION 

A method of quality control for a production laser shock peening 
process of workpieces includes measuring and recording the instantaneous 
spectral light intensity over a short period during a duration of a plasma 
associated with vaporized material from individual laser shock peening laser 
shots fired during a production laser shock peening process. The recorded 
spectral temporal data is then analyzed to determine an instantaneous black 
body plasma spectrum and from that spectrum the plasma temperature over 
time which is then used to provide statistical control of the production laser 
shock peening process. 

Production results from the analysis of the instantaneous optical 
spectrum is used to determine whether the production laser shock peening 
process is acceptable. One embodiment of the method compares the 
production results from the analysis of the instantaneous optical spectrum to a 
correlation of test results from the analysis of instantaneous optical spectrum 
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and high cycle fatigue failure based on high cycle fatigue tests of test 
workpieces that are the same or related to the production workpieces and that 
were laser shock peened in the same or similar laser shock peening 
apparatus. In a more specific embodiment, each of the test workpieces has a 
failure precipitating flaw within a laser shock peened area of the test piece 
that was laser shock peened in the same or similar laser shock peening 
apparatus. 

In one exemplary embodiment, the production workpieces are gas 
turbine engine blades having airfoils and the test workpiece is a gas turbine 
engine blade having an airfoil with a notch in a laser shock peened patch of 
the airfoil wherein the notch is formed after the airfoil has been laser shock 
peened. The analysis of instantaneous optical spectrum for the correlation is 
done for each laser pulse during the formation of the multi-pulse laser shock 

peened patch of the airfoil test workpieces. 

The correlation in one embodiment of the present invention is a 
statistical fit of the optical spectrum radiated by a plasma, formed by the laser 
firing and measured during the formation and brief life of the plasma, to the 
shape of the classical black body spectrum. Another embodiment employs a 
comparison of an analysis of production results from the individual LSP 
events that make up the LSPd area on the object to the statistical fit data 
relating the extension of the objects fatigue life to the dimension provided by 
the analysis of production results to determine whether the production laser 
shock peening process is acceptable. 

ADVANTAGES 

Advantages of the present invention are numerous and include 
lowering the cost, time, manpower and complexity of performing quality 
assurance tests during laser shock peening processes. Another advantage of 
the present invention is that it provides an in-process quality control that 
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allows performing quality assurance tests during laser shock peening 
processes on the actual production parts and at the site of the process and in 
real time with respect to the processing. The present invention can help 
greatly reduce the amount of down-time for performing quality assurance tests 
during laser shock peening. The present invention replaces the tedious, 
costly and time consuming process of notched high cycle fatigue testing 
presently used for OA. The OA can be performed in tandem with an actual 
component or workpiece and is highly repeatable and, thus l very dependable 
as a QA process for laser shock peening. 

The present invention has several other manufacturing advantages 
including measuring the laser energy at the component not raw energy of the 
laser prior to the beam passing through focusing and beam steering optics 

and through the air/water interface that alter the focus and energy distribution 
of the beam and lose energy. The present invention quickly and accurately 
measures the qualitative effect over a period of time of each plasma. The 
measuring devices of the present invention may be located near the 
processing location and be utilized frequently with real time results. The 
present invention provides a very dependable and accurate QA process due 
in a great part to its repeatability and lack of dependance on the amount of 
light captured by the optics of the detector. 

DETAILED DESCRIPTION OF THE INVENTION 

The foregoing aspects and other features of the invention are 
explained in the following description, taken in connection with the 
accompanying drawings. 
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The present invention provides a quality assurance method for quality 
control of a laser shock peening process used for production workpieces 
exemplified in FIG. 1 by a production fan blade 108 (more fully illustrated in 
FIGS. 7 and 8) having a laser shock peened patch 12. Quality assurance is 
typically a go or no go, pass or fail, accept or reject type of test or analysis. 
The method and techniques of the present invention involves quality 
assurance of a laser shock peening process on a production workpiece such 
as an exemplary aircraft turbofan gas turbine engine fan blade or other object 
made of a metallic material as disclosed in U.S. Patent Nos. 5,492,447, 
5,674,329, 5,674,328, and 5,591,009. The method is a test which may be 
performed, preferably during or alternatively after, laser shock peening of 
each workpiece, or after or before a batch of workpieces are laser shock 
peened. Preferably, the present method tests every firing of the laser. 

Illustrated in FIG. 1 is a laser beam 102 firing at a laser shock peened 
surface 154 within the laser shock peened area or patch 12 covered with an 
ablative coating 161 such as paint or an adhesive tape to form a coated 
surface 155 as disclosed in U.S. Patent Nos. 5,674,329 and 5,674,328. The 
paint or tape provides an ablative medium, preferably over which is a clear 
containment medium, which may be a clear fluid curtain such as a flow of 
water 121. The ablative coating 161 is ablated generating a plasma 8 with 
each firing and, which in turn, results in a shock wave against on the surface 
of the metallic material of the blade or other object that may be used for 
testing the laser shock peening process. Other ablative materials may be 
used to coat the surface as suitable alternatives to paint. These coating 
materials include metallic foil or adhesive plastic tape as disclosed in U.S. 
Patent Nos. 5,674,329 and 5,674,328. These shock waves are re-directed 
towards the coated surface 155 by the curtain of flowing water 121 to 
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generate shock waves {intense pressure waves) in the object being laser 
shock peened below the coated surface. The amplitude, shape, and quantity 
of these Shockwaves determine the degree of plastic deformation incurred as 
a result of the LSP process, and the depth and intensity of the resultant 
compressive stresses. The ablative coating is used to protect the target 
surface and also to generate the plasma 8. In one exemplary application, the 
laser beam shock induced deep compressive residual stresses (in a 
compressive pre-stressed region 156) are generally about 50-150 KPSI (Kilo 
Pounds per Square Inch) extending from the laser shock peened surfaces 
154 to a depth in a range of about 20-70 mils into the pre-stressed region 156. 

Also illustrated in FIG. 1 is a schematic representation of an exemplary 
embodiment of a system 10 for measuring temporal light intensity of the 
plasma 8 generated during a single firing of a laser beam 102 during the laser 
shock peening process. The results derived from spectral/temporal light 
intensity data acquired using the system 10 are used to perform a quality 
assurance method for quality control of a laser shock peening process. A 
streak camera 6 or other means, such as a very fast line scan spectrometer, 
is used for making spectral/temporal measurements of optical spectrums 
(illustrated in FIG. 2) radiated by the plasma 8 at various points in a period of 
time PT during the duration of the plasma 8 from the firing of the laser beam 
102. 

The streak camera 6 records spectral light intensity data overtime 
which is fed into a computer 17 for analysis of the data having a monitor 19 
for display of the results. The computer is used to analyze the shape of the 
energy spectrum which represents the relative distribution of energy within 
this spectrum over very short time periods (potentially as short as 1 nano- 
second for laser pulse rise times of 5 nano-seconds) during the duration of the 
plasma. The generalized shape of the energy spectrum is illustrated in FIG. 2 
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where the optical emission spectra is shown as a light intensity graphed as a 
function of wavelength. The image of the optical spectrum emitted by the 
plasma is expected to contain both line structure and a generalized 
background distributed across the spectrum. The relative proportion of the 
energy that appears to be distributed between these two modes is dependent, 
in part, on the spectral resolution of the detector. The poorer the resolution, 
the more the line structure will be integrated into the general background. For 
black body radiators the spectral energy distribution of an incandescent 
source takes the form illustrated in FIG. 3. Whether the line structure is fully 
integrated or not, the energy distribution will contain a peak in the higher 
energy (shorter wavelength) end of the spectrum as in the case of black body 
radiation. That peak will be skewed torward the shorter wavelength end of the 
spectrum as temperature increases. In practice in one embodiment of the 
invention, a fit of the partially integrated spectral data to the idealized black 
body spectrum is used to determine an effective black body temperature 
throughout the duration of the plasma, which Is related to the instantaneous 
pressure. During production runs measured optical spectrum data is 
compared to pre-determined optical spectrum criteria, preferably, in the form 
of a high cycle fatigue correlation for passing or failing the workpieces. 

The pre-determined criteria are preferably based on a correlation of 
optical spectrum test data versus high cycle fatigue data of test versions of 
the workpieces that are exemplified by laser shock peened and notched test 
blades 109 illustrated in FIG. 9. 

Referring to FIGS. 7 and 8, the production tan blade 108 includes an 
airfoil 134 extending radially outward from a blade platform 136 to a blade tip 
1 38 and a root section 140 extending radially inward from the platform 1 36. 
The root section 140 has a blade root 142 connected to the platform 136 by a 
blade shank 144. The airfoil 134 extends in the chordwise direction between 
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a leading edge LE and a trailing edge TE of the airfoil. A chord CH of the 
airfoil 134 is the line between the leading edge LE and trailing edge TE at 
each cross-section of the blade as illustrated in FIG. 8. A pressure side 146 
of the airfoil 134 faces away from the general direction of rotation as indicated 
by an arrow V and a suction side 148 is on the other side of the airfoil and a 
mean-line ML is generally disposed midway between the two sides in the 
chordwise direction. 

The production fan blade 108 has a leading edge section 150 that 
extends along the leading edge LE of the airfoil 134 from the blade platform 
136 to the blade tip 138. The leading edge section 150 includes a pre- 
determined first width W such that the leading edge section 150 encompasses 
an area where nicks and tears that may occur along the leading edge of the 
airfoil 134 during engine operation. The airfoil 134 is subject to a significant 
tensile stress field due to the centrifugal forces generated by the rotation of 
the fan blade 108 during engine operation. The airfoil 134 is also subject to 
vibrations generated during engine operation and the nicks and tears operate 
as high cycle fatigue stress risers producing additional stress concentrations 
around them. 

To counter fatigue failure of portions of the blade along possible crack 
lines that can develop and emanate from the nicks and tears, the laser shock 
peened patch 12 is placed along a portion of the leading edge LE where 
incipient nicks and tears may cause a failure of the blade due to high cycle 
fatigue. The laser shock peened patch 12 is placed along a portion of the 
leading edge LE where an exemplary pre-determined first mode line LM of 
failure may start. Within the laser shock peened patch 12, at least one and 
preferably both the pressure side 146 and the suction side 148 are 
simultaneously laser shock peened to form oppositely disposed first and 
second laser shock peened blade surfaces 154a and 154b and pre-stressed 
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blade regions 156a and 156b, respectively, having deep compressive residual 
stresses imparted by laser shock peening (LSP) extending into the airfoil 134 
from the laser shock peened surfaces as seen in FIG. 8. The pre-stressed 
blade regions 156a and 156b are illustrated along only a portion of the leading 
edge section 150, but may extend along the entire leading edge LE or longer 
portion thereof, if so desired. 

The quality assurance method of the present invention is performed 
during the laser shock peening processing of the production blades 108 and is 
preferbaly performed for each laser shot as the laser shock peened patch 12 
is formed. Alternatively, the OA test could also be performed on a sacrificial 
blade or coupon prior to and/or following the laser shock peen processing of a 
batch of the production blades 108 to provide data for laser shock penn 
process control. Preferably, the temporal measurements of optical spectrums 
are made for each plasma 8 formed for each firing of the laser beam 102 with 
the same laser shock peening processing equipment process parameters 
beam characteristics, and materials used for the production fan blades 108. 
This allows an operator on the production line to use this method to examine 
some or all of the production workpieces for quality assurance in real time and 
with a minimal impact on the overall production of the workpieces. 

To provide an evaluation of the effectiveness of the laser shock 
peening process, a correlation is developed between the spectral/temporal 
characteristics of each laser shot and the spatial placement of these shots 
within the laser shock patch, and the fatigue life of the blades processed by 
this method. A test laser shock peened surface 154 for laser shock peening 
is used to establish the correlation. The test laser shock peened surface 1 54 
is preferably on the same type of object as the workplece, in this embodiment 
it is the test blade 109. Alternatively, a test coupon 1 10 of the same material 
and prepared or coated in the same manner as the production workpiece can 
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be used, as illustrated in FIG. 11. These measurements are made, 
preferably, in the same way during correlation laser shock peening and during 
production laser shock peening. 

The general form of the optical emission spectrum from a laser shock 
peening plasma is illustrated in FIG. 2 in terms of its light intensity versus 
optical wave length. Specific spectral details may be captured during the 
duration of plasma 8 using the streak camera 6. The optical energy is shown 
as being divided between that emanating in the form of a discrete line 
structure and that emanating as a more continuous black body radiator like 
distribution. The relative distribution of energy between these two forms will 
change with temperature, pressure, and time within the plasma. The relative 
distribution of energy will also appear to change with changes in the spectral 
resolution of the detector. The poorer the resolution, the more the line 
structure will be integrated into the general black body like distribution. The 
preferred embodiment of the present invention uses fits of instantaneous 
spectral data from the plasma over time with the black body radiation 
distributions of energy with temperature, to determine the instantaneous 
temperature of the plasma. However, a black body like energy distribution 
based on spectra generated under specific process parameters and using 
specific sacrificial process materials could be used as well for instantaneous 
temperature determinations. The relative intensity of the discrete emission 
lines 24 could also be used in establishing plasma temperature. Note that the 
purposes of this patent black body radiation distribution is meant to include 
the various forms of black body radiation distribution discussed herein, 
including black body like energy distribution, actual measured black body 
radiation distribution, and idealized black body energy distribution. 

Preferably, the discrete emission lines 24 are blocked by selectively 
masking the spectral image plane to restrict the analyzed spectrum to the 
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black body related components, as shown in FIG. 3, by the black body 
radiation curve 20. The discrete emission lines 24 may be filtered via a 
partially transmisslve physical filter approximately at the spectral image plane, 
or computationally filtered via a computerized algorithm with the use of the 
computer 17 in FIG. 1 . The converse is also true in that the desired individual 
emission lines could be selectively passed by either masking the undesired 
portion of the spectrum (as described above), or by narrow band pass 
filtering. 

The entire black body like spectrum need not be acquired for 
determining a fit of the idealized black body energy distribution for peak 
temperature determination. A few measurements of the intensity of the light 
within some specifically selected spectral locations (wavelengths) may be 
sufficient for peak temperature and, therefore, pressure determinations. 

FIG. 4 illustrates a series of hypothetical black body like radiation 
curves 20, representative of the instantaneous optical spectra emitted by the 
plasma, for a series of first through eleventh points in time T1-T1 1 , 
respectively, during a period PT of the duration of the plasma 8. Note, that 
these curves represent processed spectral data or fits of that data to black 
body like functions, and that for each curve at each of the points in time, there 
is a corresponding one of first through eleventh peak intensity points PI1-PI11 
of the optical emissions spectrums. 

FIG. 5 illustrates how the plasma's black body like spectral peak 
intensity wavelength L and plasma temperature T and plasma pressure P 
change with time during the period of time PT during the duration of the 
plasma 8. These parametric temporal spectral fractions or curves or 
distributions are derived from the optical emissions spectra measured by the 
streak camera 6. One embodiment of the present invention uses one of these 
parametric curves or distributions as a correlation function for the quality 
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assurance test during production, it is difficult to derive temperature and 
pressure values from the measured optical emissions spectra measured by 
the streak camera 6, however, black body or black body like, spectral peak 
intensity wavelength L ( determined from fits of the spectral data to the black 
body or black body like functions, requires no further complicated calculations. 
The determination of plasma pressure over time is a desirable relationship to 
use in establishing the correlation with fatigue life, but the various calculations 
and empirical studies needed to derive an accurate measurement of the 
pressure, may not be worth the cost. 

The preferred correlation function or curve is a parametric time 
integrated function or curve for one of the three parametric functions or 
curves, spectral peak intensity wavelength L, plasma temperature T p or 
plasma pressure P over the short period of time PT during the duration of the 
plasma 8 in FIG. 5. The correlation function or correlation curve is derived 
from any one of the three parametric curves by integrating the parametric 
function or curve over the period of time PT during the duration of the plasma 
8 to derive a time integrated function or curve. 

Illustrated in FIG. 6. is an integrated spectral peak intensity wavelength 
curve A1 which represents a step in the analysis for one embodiment of the 
correlation of the present invention. The correlation tests are preferably 
based on the number of cycles to fatigue failure such as provided by high 
cycle fatigue (HCF) tests. In the exemplary embodiment herein, the notched 
test blades 109 are laser shock peened during which temporal measurements 
of optical spectrums (illustrated in FIG. 2) of the plasma 8 are made at various 
points, e.g. 5-20 measurements in time during the duration of the plasma, a 
few nano-seconds, for each firing of the laser beam 102. Then for each firing 
or laser beam spot an integrated spectral peak intensity wavelength curve A1 
such as shown in FIG. 6 is calculated. This yields a plurality B of integrated 
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spectral peak intensity wavelength curves illustrated in FIG, 12 which are then 
used directly as or to derive a correlation cuive or function such as is 
illustrated in FIG. 13 used during laser shock peening production runs. During 
laser shock peening production runs of production workpieces, the same 
spectral measurements and analyze are used to generate production 
integrated spectral peak intensity wavelength curves that are then compared 
to the plurality B of integrated spectral peak intensity wavelength curves or a 
correlation derived from plurality B curves for quality assurance using a go or 
no go criteria. 

The test pieces or test blades 109 are preferably made the same way 
as the actual production fan blades 108 with a notch 152 added after the test 
blade 109 Is laser shock peened to form the patch 12. After the plurality B of 
integrated spectral peak intensity wavelength curve plurality is generated or 
the raw spectral data from the streak camera is recorded and stored, the test 
blade 1 09 is vibrated at its first mode frequency until it fails. A number of test 
blades 109 or just one test blade 109 may be notched and subjected to high 
cycle fatigue tests to establish the correlation. The notch 152 is 
representative of a failure precipitating flaw and is placed in the leading edge 
LE about a pre-determined position of the pre-stressed blade regions 156a 
and 156b, respectively, after the blade is laser shock peened. Preferably, the 
notch 152 is also centered about a pre-determined mode line such as the first 
mode line LM. If it meets standards or test criteria on length of time and 
amplitude of the forcing function that is exiting the blade, then it is acceptable 
and its respective plurality B of integrated spectral peak intensity wavelength 
curves is used for the correlation curve during the quality assurance tests 
during production runs. It is contemplated that one calibration can be used for 
an entire production run as long as the production laser shock peening 
parameters do not change. An alternative embodiment provides for the 
correlation tests to be based on the number of cycles to fatigue failure 
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produced by low cycle fatigue (LCF). 

The spectral analysis during laser shock peening production runs is the 
same as described above for the correlation runs, but not as many points in 
time and wavelengths must be analyzed. Several points may be analyzed 
using the computer 1 7 and displayed against a correlation on the screen 19 
so that production slow down is minimal. 

Illustrated in FIG. 12 is one correlation for pass or fail testing of 
production workpieces having a pass range or band between upper and lower 
limits. Variations in the laser shock peening process, such as varying laser 
beam fluence, may be used to establish upper and lower integrated spectral 
peak intensity wavelength limits AU and AL, respectively, and an integrated 
spectral peak intensity wavelength mean AM during the testing and 
development of the correlation from the plurality B of integrated spectral peak 
intensity wavelength curves illustrated in FIG. 12. This is then used to as the 
derived correlation curve or function such as is illustrated in FIG. 13 used 
during laser shock peening production runs. Alternatively, statistical 
deviations from the ideal correction curve may be analyzed and used to 
determine pass or fail of production workpieces. Actual data of integrated 
spectral peak intensity wavelength curves measured and derived from light 
intensity measurements made by the spectral camera 6 of plasmas during 
production runs are preferably displayed on the screen 19 for real time QA 
tests for each blade. 

Illustrated in FIGS. 10 and 11 is a laser shock peening system 101 for 
laser shock peening the production fan blade 108. The production fan blade 
108 is mounted in a fixture 88 which is attached to a five-axis computer 
numerically controlled (CNC) manipulator 127, commercially available from 
the Huffman Corporation, having an office at 1050 Huffman Way, Clover, SC 
29710. The five axes of motion that are illustrated in the exemplary 
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embodiment are conventional translational axes X, Y, and Z, and conventional 
rotational axes A and C that are well known in CNC machining. The 
manipulator 127 is preferably used to move and position the production fan 
blade 108 and to effect laser shock peening "on the fly" in accordance with a 
laser shock peening method and of the present invention. The manipulator 
127 is used to continuously move and position the blade to provide laser 
shock peening "on the fly- in accordance with one embodiment of the present 
invention. Laser shock peening may be done in a number of various ways 
using paint or tape as an ablative medium (see - in particular U.S. Patent No. 
5,674,329 entitled "Adhesive Tape Covered Laser Shock Peening"). The 
same laser shock peening apparatus is used in the laser shock peening 
process of the patch 12 on the leading edge LE of the production blades 108 
and the test blades 109. 

The production fan blade 108 may be either continuously or 
incrementally moved, while incrementally firing the stationary high oower laser 
beams 102 through a curtain of flowing water 121 on the coated surfaces 155, 
and forming overlapping laser shock peened circular spots 158. The 
production fan blades 1 08 are preferably laser shock peened the same way 
during production runs and HCF testing runs for the correlation. The curtain 
of water 121 is illustrated as being supplied by a conventional water nozzle 
123 at the end of a conventional water supply tube 119. The laser shock 
peening system 101 has a conventional generator 131 with an oscillator 133 
and a pre-amplifier 139A and a beam splitter 143 which feeds the pre- 
amplified laser beam into two beam optical transmission circuits each having 
a first and second amplifier 139 and 141, respectively, and optics 135 which 
include optical elements that transmit and focus the laser beam 102 on the 
coated surfaces 155. A controller 124 may be used to modulate and oontrol 
the laser shock peening system 101 to Fire the laser beams 102 on the coated 
surfaces 155 in a controlled manner. Ablated coating material is washed out 
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by the curtain of flowing water 121. 

FIG. 1 1 illustrates an alternative to using actual or representative 
workpieces during both production runs and calibration runs. The patch 12 is 
formed on one or more test coupons 1 10 in at various times during the 
production run the blades or workpieces being produced. The same type of 
coupon would be used to generate the correlation curve such as at the 
beginning of the run after which a laser shock peened and notched blade 
would be tested for HCF failure to establish the correlation curves and 
functions illustrated in FIGS. 12 and 13. 

It is Important to note that the camera 6 can remain fixed just as the 
position of the laser beam 102 remains fixed while the manipulator 127 orients 
and moves the production fan blade 108. This feature is very important for 
the ease of use of the present invention and is, in part, due to the method 
using relative spectral light intensity data, particularly peak intensity 
wavelength. 

While the preferred embodiment of the present invention has been 
described fully in order to explain its principles, it is understood that various 
modifications or alterations may be made to the preferred embodiment without 
departing from the scope of the invention as set forth in the claims. 

4. Brief Description of Drawings 

FIG. 1 is a schematic illustration of an exemplary embodiment of a 
system for measuring the spectral intensity over time of the light emitted by 
the plasma generated by a laser shock peening (LSP) process; 

FIG. 2 is an exemplary graphical illustration of an optical emissions 
spectra from the plasma at a given point in time as measured by the system in 
FIG. 1; 
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FIG. 3 is an exemplary graphical illustration of the idealized black body 
radiation from FIG. 2 which is the optical emissions spectra in FIG. 2 with 
discrete emission lines removed; 

FIG. 4 is an exemplary graphical illustration of black body radiation 
from several points in time as measured by the system during a period of time 
in the duration of the plasma in FIG. 1 ; and 

FIG. 5 is an exemplary graphical illustration of the change in black 
body spectral peak intensity wavelength with two hypothetical plots of plasma 

temperature and plasma pressure with respect to time during the period 
during the duration of the plasmin FIG. 1 . 

FIG. 6 is an exemplary graphical illustration of the integrated spectral 
peak intensity wavelength with respect to time during the period during the 
duration of the plasma in FIG. 1 , and its relationship to the magnitude of the 
laser shock peening effect (scale altered to fit curve). 

FIG. 7 is a perspective view of the fan blade in FIG. 1 . 

FIG. 8 is a cross-sectional view of the fan blade taken through line 8-8 
in FIG. 7. 

FIG. 9 is a perspective view of a notched fan blade used in the 
exemplary method of the present invention. 

FIG. 10 is a schematic perspective illustration of the blade in FIG. 1 
mounted in a laser shock peening system in accordance with an exemplary 
embodiment of the present invention. 

FIG. 1 1 is a schematic perspective illustration of a test coupon 
simulating the blade in FIG. 1 mounted in a laser shock peening system in 
accordance with an alternative embodiment of the present invention. 
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FIG. 12 is an exemplary graphical Illustration of a plurality of integrated 
spectral peak intensity wavelength curves made with test data one of which is 
illustrated in FIG. 6. 

FIG. 13 is an exemplary graphical illustration of a derived correlation 
curves derived from the plurality of integrated spectral peak intensity 
wavelength curves illustrated in FIG. 12. 

PARTS LIST 

6. streak camera 

8 . plasma 

10. system 

12. patch 

17 . computer 

19. monitor 

20. black body radiation curve 
24. emission lines 

88. fixture 

101. laser shock peening system 

102. laser begun 

108. production fan blade 

10 9. notched test blades 

110. test coupon 

119. supply tube 

121. curtain of flowing water 

123. water nozzle 

124. controller 
127. manipulator 
131. generator 

133. oscillator 

134. airfoil 

135. optics 

136. blade platform 
13 8. blade tip 

139. first amplifier 
139A. pre-amplif ier 

140. root section 

141. second amplifier 

142 . blade root 

143. beam splitter 

144. blade shank 
146. pressure side 
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148* suction side 

150. leading edge section 

152. notch 

154 . laser shock peened surface 

154a. first laser shock peened blade surface 

154b. second laser shock peened blade surface 

155 * coated surface 
156. pre-stressed region 

156a. first pre-stressed blade region 

156b. second pre-stressed blade region 

158. circular spots 



161. ablative coating 

Al - wavelength curve 

B - wavelength curve plurality 

A - rotational axes 
C - rotational axes 



AU - upper integrated spectral peak wavelength limits 

AL> - lower integrated spectral peak wavelength limits 

AM - integrated spectral peak wavelength mean 

CH - chord 

L - peak intensity wavelength 

LM - first mode line 

ML - mean- 1 ine 

P - plasma pressure 

PT - period of time 

T - plasma temperature 

V - arrow 
W - width 

Tl-Tll first through eleventh points in time 
PI1-PI11 first through eleventh peak intensity points 

X - translational axes 

Y - translational axes 
Z - translational axes 

LE - leading edge 

TE - trailing edge 
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FIG. 3 

BLACK BODY EMISSION SPECTRA 
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FIG. 4 

(BLACK BODY) EMISSION SPECTRA WITH TIME 




WAVELENGTH 



(43) 



mm 2 0 0 1 - 1 2 4 6 9 7 



FIG, 5 

CHANGE IN BLACK BODY SPECTRAL PEAK WAVELENGTH WITH 
TIME RELATED TO PLASMA TEMPERATURE AND PRESSURE 




TIME — 



FIG. 6 



INTEGRATED PLASMA BLACK BODY SPECTRAL 
PEAK WAVELENGTH OVER TIME 
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FIG- 7 
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FIG, 9 
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FIG. 12 

INTEGRATED PLASMA BLACK BODY 
SPECTRAL PEAK WAVELENGTH OVER TIME 
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1. Abstract 

A method for quality assurance of a laser shock peening process of 
workpieces includes measuring and recording or temporal light intensity data 
over a short period during the duration of a plasma associated with the 
vaporized material from laser shots fired during a production laser shock 
peening process. The recorded temporal data is then analyzed to obtain an 
instantaneous optical spectrum of the plasma and then used to provide 
statistical control of the production laser shock peening process. One 
correlation function of the present invention is based on a time integrated 
spectral peak intensity wavelength curve for each of the laser firings and for 
which a peak intensity wavelength is determined for a plurality of times during 
each plasma of a plurality or all of the firings. 

Production results from the analysis of the instantaneous optical 
spectrum is used to determine whether the production laser shock peening 
process is acceptable. One embodiment of the method compares the 
production results from the analysis of the instantaneous optical spectrum to a 
correlation of test results from the analysis of instantaneous optical spectrum 
and high cycle fatigue failure based on high cycle fatigue tests of test 
workpieces that are the same or related to the production workpieces and that 
were laser shock peened in the same or similar laser shock peening 
apparatus. 

2. Representative Drawing: Figure 1 



